Matrix metalloprotease-1 (MMP1) is an important mediator of tumorigenesis, inflammation and tissue remodeling through its ability to degrade critical matrix components. Recent studies indicate that stromal-derived MMP1 may exert direct oncogenic activity by signaling through protease-activated receptor-1 (PAR1) in carcinoma cells; however, this has not been established in vivo. We generated an Mmp1a knockout mouse to ascertain whether stromal-derived Mmp1a affects tumor growth. Mmp1a-deficient mice are grossly normal and born in Mendelian ratios; however, deficiency of Mmp1a results in significantly decreased growth and angiogenesis of lung tumors. Coimplantation of lung cancer cells with wild-type Mmp1a þ / þ fibroblasts completely restored tumor growth in Mmp1a-deficient animals, highlighting the critical role of stromal-derived Mmp1a. Silencing of PAR1 expression in the lung carcinoma cells phenocopied stromal Mmp1a-deficiency, thus validating tumor-derived PAR1 as an Mmp1a target. Mmp1a secretion is controlled by the ability of its prodomain to facilitate autocleavage, whereas human MMP1 is efficiently secreted because of stable pro-and catalytic domain interactions. Taken together, these data demonstrate that stromal Mmp1a drives in vivo tumorigenesis and provide proof of concept that targeting the MMP1-PAR1 axis may afford effective treatments of lung cancer.
INTRODUCTION
MMP1 is a zinc-dependent matrix metalloprotease that is frequently overexpressed in a large number of human cancers. [1] [2] [3] High MMP1 levels in patient tumor samples have been associated with metastasis and decreased progression-free survival in melanoma, colorectal and esophageal cancers. [4] [5] [6] Fibroblast MMP1 was originally defined as an interstitial collagenase because of its ability to cleave fibrillar collagens, 7 but more recent studies found it also cleaves a variety of other substrates, 8 including the oncogenic receptor, protease-activated receptor-1 (PAR1). 9 MMP1 is produced by many sources in tumors, including cancer cells, fibroblasts, inflammatory cells and the endothelium, and because it is a secreted enzyme, can have both paracrine and autocrine effects in the microenvironment. [10] [11] [12] In an early study of patients with lung cancer, 35% of tumors had MMP1 expressed by the carcinoma cells, whereas 70% had MMP1 overexpression in the stromal cells. 13 The presence of cancer-associated fibroblasts was recently found to be a powerful independent risk factor to predict recurrence in patients with stage I lung adenocarcinoma. 14 Fibroblast-and cancer cell-derived MMP1 have been shown to be differentially processed, suggesting that there may be functional differences in MMP1 depending on the source. 15 To study effectively the role of MMP1 and its inhibitors in cancer and other diseases, it is important to develop a relevant in vivo model system. The rodent genome contains an MMP1 gene duplication, resulting in the Mmp1a and Mmp1b genes that are 82% identical. 16 Mmp1a is the most likely MMP1 homolog because unlike Mmp1a, Mmp1b has no known enzymatic activity. 16 Mouse Mmp1a, is 58% identical to human MMP1 but is expressed less ubiquitously in healthy mouse tissue than in humans. 16, 17 Elevated Mmp1a expression has been described in a number of inflammatory conditions in mice, including wound healing, lung injury, arthritis and most recently sepsis. 12, 18, 19 Mmp1a is induced in the mouse stroma of human breast and renal cell carcinoma xenografts, 9, 19 suggesting that like MMP1, Mmp1a is upregulated in the tumor microenvironment.
To investigate the role of stromal-derived MMP1 in tumorigenesis, we generated Mmp1a-deficient mice. Loss of Mmp1a caused significantly decreased lung tumor growth and angiogenesis. This stromal defect was rescued by coimplantation of Mmp1a þ / þ fibroblasts with lung cancer cells in the Mmp1a-deficient mice. Biochemical analysis indicated that Mmp1a secretion is controlled by the ability of the Mmp1a prodomain to facilitate autocleavage, whereas human MMP1 is efficiently secreted because of stable proand catalytic domain interactions. Taken together, these data demonstrate that stromal Mmp1a strongly promotes tumorigenesis in vivo and that MMP1a prodomain has evolved a distinct function from other MMPs by allowing rapid activation and autocleavage. Moreover, the Mmp1a-deficient mouse may serve as a useful tool in studying the role of MMP1 in many other cancers, and various disease states characterized by pathologic tissue remodeling.
RESULTS

Mmp1a-deficient mice exhibit impaired tumorigenesis and angiogenesis
Mmp1a
À / À mice were generated by targeted replacement of Mmp1a exon 5 with a PGK-neomycin cassette. Exon 5 encodes the 1 zinc-coordination motif and a major portion of the catalytic domain and is essential for metalloprotease activity. Mmp1a-deficient mice were backcrossed 10 generations into the C57BL/6 background and Mmp1a-null animals were born within range of expected ratios from heterozygote parents ( Supplementary  Figures S1a and b) . Mmp1a þ / þ mouse embryonic fibroblasts (MEFs) exhibited Mmp1a protein expression by immunofluorescence, which was lost in Mmp1a-deficient MEFs (Supplementary Figure S1c) . Adult Mmp1a À / À males and females had no obvious abnormalities and were fertile. This indicates that Mmp1a expression is dispensable for normal mouse development, as has been observed with individual deficiency of the two other secreted mouse collagenases, Mmp8 and Mmp13. [20] [21] [22] Given that Mmp1a is often upregulated in the stroma of tumor xenografts, 9, 19 we examined tumor growth in Mmp1a-deficient animals using LLC1 cells, a highly aggressive C57BL/6-derived lung cancer cell line. 23 LLC1 cells (2 Â 10 5 ) were implanted into the abdominal fat pads of Mmp1a À / À and wild-type (WT) mice. The tumors in Mmp1a À / À (knockout (KO)) mice grew at a significantly slower rate relative to WT mice over the course of the entire experiment ( Figure 1a) . The tumors from the KO mice also had significantly smaller tumor mass as compared with WT mice at terminal necropsy (Figure 1b) , thereby implicating stromal-derived Mmp1a as an important factor in promoting lung cancer tumorigenesis. Conversely, when LLC1 cells were directly inoculated into the venous circulation in an experimental metastasis model, only a slight, nonsignificant reduction in metastatic foci to lung in the KO vs the WT mice (Supplementary Figure S2) , suggesting a more significant role for stromal-derived Mmp1a in primary tumor growth as opposed to metastasis or tumor take in the lung.
The human homolog, MMP1, has been shown to be a proangiogenic factor by activating endothelial proliferation and migration through PAR1.
24-26 LLC1 tumors were assessed for possible defects in angiogenesis in the Mmp1a-deficient mice. Immunohistochemical staining of the tumors for von Willebrand factor (vWF), a specific marker of endothelial cells, revealed a significant decrease in angiogenesis in both the tumor edges and tumor centers in the Mmp1a-KO mice as compared with WT mice (Figures 2a and b) . When human endothelial cells were stimulated with media from MEFs isolated from WT or Mmp1a-KO mice, the Mmp1a-deficient media resulted in significantly less tube formation, and tubes that formed had decreased complexity (Figures 2c-e). To provide further evidence that the observed effects are due to direct involvement of Mmp1a, we performed a reconstitution experiment with recombinant Mmp1a using the endothelial tube formation. Treatment of human umbilical vein endothelial Figure S3) . Supplementation of the KO media with 20 nM recombinant Mmp1a resulted in a significant twofold increase in tube length with no effect when added to WT CM. Taken together, these data indicate that stromal-derived Mmp1a is also a proangiogenic factor in tumors and in nascent vessel formation.
Restoration of fibroblast Mmp1a rescues tumor formation in Mmp1a-KO mice Tumor stroma is a complex tissue composed of multiple cell types that could produce Mmp1a, especially stromal fibroblasts and other mesenchymal cells. 11 The human homolog, stromal-derived MMP1, is a potent inducer of cancer cell migration, invasion and mitogenesis, potentially through its activation of the PAR1 oncogene. 9, 27 To determine whether stromal fibroblasts expressing Mmp1a could rescue tumorigenesis in Mmp1a-null animals, we isolated MEFs at embryonic day 12.5 from WT and Mmp1a-deficient mice (Supplementary Figure S1c) . Media produced from KO MEFs resulted in 42-fold less chemoinvasion of LLC1 cells as compared to media from WT MEFs (Figure 3a) . Likewise, an almost identical reduction in the migration of A549 human lung cancer cells towards media from Mmp1a-deficient MEFs was observed (Figure 3b ). Migration of MCF7 breast cancer cells ectopically expressing PAR1 was fourfold higher towards media from WT MEFs as compared with Mmp1a-KO MEFs and inhibition of PAR1 with a small-molecule antagonist, RWJ-58259, caused a decrease in migration by 50% towards WT MEF media (Figure 3c ). The PAR1 antagonist did not completely reduce migration to the level observed with Mmp1a-KO conditioned media, suggesting PAR1-independent effects for Mmp1a in migration.
Given the differences we observed in tumor growth in vivo, we also examined the ability of MEF conditioned media to induce LLC1 proliferation in vitro. WT MEF conditioned media induced a significant 2.2-fold induction of LLC1 proliferation (Figure 3d ). Conditioned media from Mmp1a-KO mice MEFs resulted in a significant reduction in proliferation of LLC1 cells as compared with WT MEF conditioned media. These data demonstrate that MEFs, like cancer-associated fibroblasts, can induce cancer cell migration, invasion and proliferation, and that these tumorpromoting functions are reduced in MEFs from Mmp1a-KO mice.
To confirm that the reduced tumorigenesis seen in Mmp1a-KO mice is due to a stromal defect, we next performed coimplantation experiments with LLC1 cells and MEFs. WT and Mmp1a-KO mice were injected in their abdominal fat pads with 2 Â 10 5 LLC1 cells mixed with 1 Â 10 5 WT or Mmp1a-KO MEFs. LLC1/Mmp1a-KO MEF coimplants in Mmp1a-KO mice formed significantly smaller tumors over the entire growth period (Figure 3e ). However, this phenotype was completely rescued by coimplantation of LLC1 cells with WT Mmp1a MEFs in the Mmp1a-KO mice, thus demonstrating the importance of a stromal source of Mmp1a in Stromal Mmp1a promotes tumorigenesis through PAR1 in LLC1 lung cancer Lung carcinoma cells from patients and tumors from mice, including LLC1, express high levels of the oncogenic receptor PAR1. 28, 29 Like human MMP1, recombinant Mmp1a directly cleaved the N-terminal exodomain of PAR1 in T7-PAR1 cleavage assays, demonstrating a direct interaction between Mmp1a and PAR1 (Supplementary Figure S4) . We assessed whether the observed protumorigenic properties of stromal-produced Mmp1a were dependent on PAR1 expression in the lung carcinoma cells. Tumor xenograft experiments in WT and Mmp1a-KO mice were performed with LLC1 cells that were stably transduced with a short hairpin RNA that silenced PAR1 expression (shPAR1) or control (shLuc), as characterized previously. 29 In WT mice, shPAR1 knockdown tumors grew slower at all time points (Figure 4a ) and weighed less at terminal necropsy (Figure 4b ) than control shLuc LLC1 tumors, indicating that the growth rate of the lung tumors was dependent at least, in part, on the expression of PAR1. LLC1 cells silenced for PAR1 expression were also injected into the abdominal fat pads of Mmp1a-KO mice. The relative decreases in lung tumor growth rates and mass were essentially identical between tumors that had PAR1 silenced on the lung carcinoma cells and those that grew in mice that lacked Mmp1a expression in the stroma (Figures 4a and b) . Double loss of Mmp1a in the stroma and PAR1 in the LLC1 cells (KO þ shPAR1) did not result in further decreases in lung tumor growth and mass (Figures 4a and b) , indicating that stromal-Mmp1a and PAR1 on the carcinoma cells act on the same, paracrine, pathway in promoting tumorigenesis.
The prodomains of Mmp1a and MMP1 have divergent effects on protein secretion and autocatalysis As human and mouse collagenases exert their tumorigenic effects as secreted factors, we next compared the efficiency of protein secretion of human MMP1 with mouse Mmp1a, Mmp1b and the two other related collagenases from mice, Mmp8 and Mmp13. Three heterologous expression systems, HEK293T, CHO-K1 and COS7, were used to compare protein levels of all the secreted collagenases. Surprisingly, secreted Mmp1a protein levels were markedly lower than human MMP1 or mouse Mmp1b, Mmp8 and Mmp13 across the three expression systems, despite comparable mRNA levels ( Supplementary Figures S5a and b) . We tested the possibility that the Mmp1a signal peptide was responsible for its low secretion efficiency. Mmp1b, which was highly secreted across all the tested expression systems, has a signal peptide identical to that of Mmp1a except for a serine residue at position 2 instead of proline. However, mutation of the Mmp1a signal peptide to that of Mmp1b (P2S Mmp1a) had no effect on secretion of Mmp1a (Supplementary Figure S5c) , indicating that the signal peptide of Mmp1a was not responsible for its low levels of secretion.
We next examined the prodomains of mouse Mmp1a and human MMP1, which are 53% identical to each other (Figures 5a-c) . A hPro-Mmp1a chimera was generated in which the prodomain of Mmp1a (residues 1-95) was exchanged with the prodomain of human MMP1 (residues 1-98). We also generated the complementary mPro-MMP1 chimera for human MMP1, with residues 1-96 of Mmp1a replacing human MMP1 residues 1-99. Replacement of the mouse Mmp1a prodomain with that of human MMP1 resulted in massive secretion of soluble hPro-Mmp1a (Figure 5d ). Conversely, replacement of the human prodomain with mouse prodomain eliminated secretion of the mPro-MMP1 chimera. These data indicate that the mouse and human prodomains have widely divergent and dominant effects on secretion of MMP1 and Mmp1a from cells.
We next tested the hypothesis that the prodomain of Mmp1a might associate less stably with its catalytic domain and thereby be less effective in maintaining Mmp1a in the zymogen or proteolytic-'off' state as compared to human MMP1. A structural model of proMmp1a (Figures 5a and b) was created based on the highly homologous proMMP1 structure. 30 The cysteine-lock motif, which acts as the fourth coordination residue for the catalytic zinc effectively sealing off the catalytic pocket, is critical for the autoinhibitory effects of MMP prodomains on their catalytic domains. 31 The proximal residues and geometry of the cysteine-lock were completely conserved between human MMP1 and Mmp1a (Figures 5b and c) . However, Mmp1a residue L67 located at the C-terminal end of helix 2 (H2) at the interface between the prodomain and catalytic domains presents a much smaller hydrophobic surface than the analogous F70 in human proMMP1, suggesting a potentially weaker interaction with the catalytic domain surface in the active site cleft than the corresponding human counterpart (Figures 5b and c) . In the human proMMP1 crystal structure, F70 interacts with the critical H 228 S 229 T 230 of the catalytic domain 30 and this phenylalanine is conserved in the other mouse collagenases and mammalian homologs of MMP1.
To determine whether the L67 residue contributed to the low secretion levels of Mmp1a, we generated a L67F point mutant along with a non-interacting substitution at the opposite end of helix 2, A58V (Figures 5b and c) . The humanized L67F mutant exhibited increased Mmp1a expression, whereas the A58V substitution had no enhancing effect on Mmp1a protein secretion (Figure 5d ). The increased Mmp1a expression with L67F was still less than that observed with Mmp1b (Supplementary Figure S5a) , which also retains the L67 residue. However, unlike Mmp1a, Mmp1b does not have any identified enzymatic activity, suggesting that the proteolytic activity (for example, autocleavage) of Mmp1a may reduce Mmp1a secretion. Consistent with this notion, catalytically inactive Mmp1a (E216A) was expressed at much higher levels than WT Mmp1a (Figure 5d ). To determine whether autocatalysis of Mmp1a in the cells may be reducing secretion, we examined cell lysates of WT Mmp1a and the point mutants. As shown in Figure 5e , WT Mmp1a had significant zymogen activation (48 kDa active form) and cleavage at the linker separating the catalytic domain from the hemopexin domain as evidenced by appearance of the 26 kDa C-terminal hemopexin domain in the cell lysates. The cleaved hemopexin domain was completely absent in the inactive E216A mutant and the highly secreted hPro-Mmp1a chimera as well as WT hMMP1. Likewise, the humanized Mmp1a L67F point mutant had nearly no hemopexin domain cleavage product and much less 48 kDa active form in the cell lysates, further suggesting that stable prodomain-catalytic domain interactions suppress autocatalysis before secretion (Figure 5e ). To further compare the stability of the human and mouse MMP1, we performed a pulse-chase experiment in which transfected HEK293T cells were treated with cycloheximide to inhibit protein synthesis at 24 h (time 0) after transfection and expression levels of hMMP1 and Mmp1a in the lysates were followed for 48 h. Human MMP1 levels were maintained in the zymogen state over 48 h, whereas Mmp1a underwent accelerated protein activation and degradation, consistent with decreased Mmp1a protein stability (Supplementary Figure S5d) .
On the basis of the inherent instability/autocatalysis of Mmp1a, we hypothesized that Mmp1a would have high activity in the absence of exogenous activation despite its low expression levels, whereas the hyperstable hpro-Mmp1a chimera would show the opposite phenomenon. We have previously shown that CYR61 is a proangiogenic factor that is strongly induced by both MMP1 and Mmp1a in a PAR1-dependent manner. 29, 32 Treatment of Mmp1a-null C57MG cells with conditioned media from MMP1-expressing Cos7 cells resulted in a 2.3-fold induction of CYR61 mRNA, as compared with conditioned media from vector control Cos7 cells ( Figure 6 ). Media from mpro-MMP1-or Mmp1a-expressing cells caused a slightly higher 2.7-fold induction in CYR61 mRNA in the C57MG cells. However, the stabilized hpro-Mmp1a chimera had reduced CYR61 transcription, similar to the catalytically dead E216AMmp1a mutant ( Figure 6 ). These data suggest that intrinsic Mmp1a instability/autocatalysis leads to increased angiogenesis activity, and conversely, overstabilization of the Mmp1a prodomain interactions with its catalytic domain lead to decreased signaling due to difficulty in activating the proenzyme.
DISCUSSION
Using mice deficient in the collagenase Mmp1a, we show that Mmp1a is a functional MMP1 homolog in driving lung tumorigenesis with significantly less tumor growth and angiogenesis in Mmp1a-deficient animals. Loss of stromal-produced Mmp1a from fibroblasts isolated from Mmp1a-deficient mice resulted in decreased invasion, migration and proliferation of lung carcinoma cells, and defects in angiogenesis. Coimplantation of WT Mmp1a fibroblasts with lung cancer cells completely restored tumor growth in Mmp1a-deficient animals. The decrease in tumor growth observed in Mmp1a-deficient mice is consistent with observations in patient samples that stromal MMP1 is upregulated in aggressive human cancers. 13, 27, 33, 34 Taken together, these results demonstrate the importance of stromal Mmp1a in driving lung tumorigenesis and angiogenesis and suggest that the Mmp1a-deficient mouse will be a valuable tool in further interrogating the (patho)physiologic functions of MMP1 in the mouse.
Despite the lack of obvious developmental abnormalities, the Mmp1a-deficient mice or media produced from Mmp1a-deficient fibroblasts exhibited significant defects in tumor angiogenesis and endothelial tube formation. This is in agreement with a recent study that indicates that Mmp1a triggers PAR1-dependent endothelial cell activation. 12 Endothelial PAR1 has been shown to be critical for angiogenesis in the developing mouse 35 and is an important mediator of tube formation of endothelial cells in vitro upon activation by MMP1.
26 MMP1-PAR1 induces an increase in intracellular calcium and vWF exocytosis from HUVECs 24 and causes production of other proangiogenic chemokines, including growth-regulated oncogene-a, IL-8 and monocyte chemoattractant protein-1. 25 Pharmacologic blockade of MMP1/ Mmp1a activity in septic mice suppressed endothelial barrier disruption, disseminated intravascular coagulation, multiorgan failure, systemic cytokine production and improved survival, which was lost in Par1-deficient mice. 12 As MMP1 small-molecule inhibitors have exhibited antagonist effects on related collagenases 36 including negating potentially protective effects by MMP8, 37 this new Mmp1a-deficient mouse strain may prove to be a useful tool in studying the specific effects of Mmp1a on endothelial biology in various pathological states such as sepsis.
Interestingly, stromal deficiency of Mmp1a had striking effects on primary tumorigenesis, despite autocrine Mmp1a expression in the LLC1 cells. Previous work has demonstrated that autocrine Mmp1a modulates the invasive and metastatic phenotype. 29 Knockdown of LLC1 Mmp1a expression results in a 40% reduction in experimental metastasis, 29 whereas stromal Mmp1a deficiency did not affect experimental metastasis to lung. This may indicate that autocrine (cancer cell-produced) MMP1/Mmpla may have a more prominent role in metastasis, whereas stromal MMP1/ Mmp1a may support primary tumor growth and angiogenesis. Although the interaction between stromal and cancer cellsecreted MMPs in the tumor microenvironment has not been extensively characterized, these results suggest that the varied sources of MMPs in the microenvironment may play differential and non-complementary roles in tumor biology. 15 The Mmp1a-deficient mouse presents the opportunity to characterize these functional roles for tumor and stromal-derived Mmp1a.
Another unexpected finding of this work was the identification of divergent effects of the human MMP1 versus mouse Mmp1a prodomains in suppressing autocatalysis and protein secretion. Substitution of the prodomain of Mmp1a with that of human MMP1 resulted in major increases in protein secretion of Mmp1a and loss of autoactivation inside the cell. Conversely, the efficient secretion of human MMP1 was ablated upon substitution of its prodomain with that of mouse Mmp1a. Analysis of the amino acids located at the interface between the pro-and catalytic domains revealed a key pro-and catalytic domain interaction site in which a phenylalanine in human MMP1 is substituted for a leucine in Mmp1a. Modification of this residue with the human side-chain resulted in increased Mmp1a protein secretion and improved proteolytic stability of Mmp1a in cell lysates, suggesting that prodomain instability may regulate constitutive Mmp1a secretion. Alternatively, our data indicate that the intrinsic instability of its prodomain may prime mouse Mmp1a for facile activation and heightened signaling activity, making it more difficult to regulate negatively the activity of mouse Mmp1a in the tissue or tumor microenvironment.
Lastly, we found that silencing of PAR1 in the lung carcinoma cells phenocopied stromal Mmp1a deficiency, underscoring the importance of cancer cell-expressed PAR1 as a stromal Mmp1a target in the tumor microenvironment. In addition to activating PAR1, Mmp1a may modulate tumor-stromal interactions, angiogenesis and inflammation through cleavage of other bioactive molecules. For example, MMP1 and several other MMPs cleave membrane-bound protumor necrosis factor-a (proTNF-a) into its Figure 6 . Effect of Mmp1a and MMP1 prodomains on the expression of the angiogenesis factor, Cyr61. Induction of CYR61 mRNA in mouse epithelial cells (C57MG) following 24 h treatment with MMP-transfected Cos7 CM as described in the Materials and Methods section. Data represent means ± s.e. of triplicate experiments.
Deficiency of
38 MMP1 degrades insulin-like growth factor binding proteins, thereby increasing bioavailability of insulin-like growth factor and inducing fibroblast proliferation. 39 MMP1 cleavage inactivates stromal cell-derived factor 1a, leading to decreased leukocyte and hematopoietic stem cell chemotaxis. 40 Interleukin 1b, which is a potent inducer of MMP transcription, is itself a target for both activation and degradation by MMP1, suggesting a regulatory mechanism by which interleukin 1b induces MMP expression and thereby downregulates interleukin 1b signaling once sufficient MMP levels have been reached. 41, 42 Thus, it is anticipated that the Mmp1a-deficient mouse will be a highly useful tool to help delineate and validate the many in vivo functions ascribed to MMP1 in both tumor biology and other disease processes.
MATERIALS AND METHODS
Plasmid DNA C-terminal Myc-His tagged MMP1, Mmp1a, E216A Mmp1a, Mmp1b, Mmp8 and Mmp13 in pCMV6-Entry (Origene, Rockville, MD, USA) were made as described previously. 29 The Mmp1a point mutations, A58V and L67F, were generated by QuickChange site-directed mutagenesis (Agilent, Santa Clara, CA, USA). The Mmp1a and MMP1 prodomain chimeras were generated by utilizing naturally occurring NdeI restriction sites in Mmp1a at nucleotide 87 and in pCMV6Entry located 5
0 to the open reading frame. The prodomain of MMP1 was generated by polymerase chain reaction (PCR) with an exogenous NdeI site and ligated into NdeI-digested Mmp1a to generate hpro-Mmp1a. An NdeI site was introduced in MMP1 and mpro-MMP1 was generated by ligation of NdeI-digested MMP1 vector and Mmp1a prodomain.
Cell culture LLC1, Cos7 and HEK293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. A549 and MCF7 þ PAR1 (N55) cells 9 were maintained in 10% FBS RPMI. CHOK1 cells were maintained in F12 media with 10% FBS. To generate MEFs, embryos were harvested from Mmp1a heterozygote crosses at embryonic day 12.5 and maintained in DMEM supplemented with 10% FBS.
Mmp1a-deficient mice
Mmp1a
À / À were generated in the laboratory of Dr Lopez Otin (University of Oviedo, Oviedo, Spain). Exon 5 of Mmp1a was replaced by PGK-Neo cassette using standard techniques. 20 Chimeric males were mated to C57BL/6 females and pups were screened by PCR. Heterozygotes were backcrossed for 10 generations into the C57BL/6 background. Homozygotes and WT controls were obtained by crossing heterozygous littermates. Genotyping PCR was performed with a three primer strategy using genomic DNA isolated from tail fragments. The primer sequences used were: WT allele primer (5 0 -3 0 ): ACGCATTCTGCCTACTGCAAGG; KO allele primer (5 0 -3 0 ): TGACCGCTTCCTCGTGCTTTA; and common primer (5 0 -3 0 ): GCAGACCATGGTGACAACAACC.
Tumor xenografts and experimental metastasis
All mouse experiments were conducted in accordance with the National Institutes of Health guidelines and were approved by the Tufts University Institutional Animal Care and Use Committee. Six-to nine-week-old female C57BL/6 WT (bred in-house or obtained from Charles River Laboratories, Wilmington, MA, USA) and Mmp1a À / À animals were injected with 2 Â 10 5 LLC1 cells or LLC1 stably transduced with shLuc or shPAR1 29 in sterile phosphate-buffered saline in the abdominal fat pad (two inoculations per mouse). Starting at day 12, palpable tumors were measured every other day and tumor volume was calculated using the equation (LxW 2 )/2. At the day 26 end point, tumors were harvested, weighed and formalin-fixed for histology.
Experimental metastasis to the lung was performed by tail vein injection of 1 Â 10 6 LLC1 in 200 ml phosphate-buffered saline in 6-to 8-week-old female WT or KO mice as before. 29 Lungs were harvested and fixed at 28 days. Number of metastatic nodules was determined by counting three coronal hematoxylin and eosin sections per mouse in a blinded manner.
Tumor-MEF coimplantation experiments were performed by injection of 2 Â 10 5 LLC1 and 1 Â 10 5 WT or KO MEFs in sterile phosphate-buffered saline into the abdominal fat pad of 6-to 9-week-old WT or Mmp1a-KO females. Tumor growth was measured every other day starting at day 12. The experiment was terminated at day 22 because of protocol limits being reached.
Histology
Paraffin-embedding, sectioning and immunohistochemistry for vWF were performed by the Tufts Medical Center Pathology Department. Quantification of the number of vWF-positive blood vessels was performed in a blinded manner by counting the number of blood vessels per 50 40 Â fields, in viable/non-necrotic regions of the tumors.
Endothelial tube formation
MatTek plates were chilled and coated with 100 ml Matrigel. HUVEC cells (3.5 Â 10 4 , p2-5) in EBM2 media with 0.5% bovine serum albumin were plated on top. The cells were stimulated with MEF conditioned media (diluted 1:2, from 1 Â 10 6 MEFs following 24 h conditioning in 0.5% BSA DMEM). Endothelial tubes were observed after 5-6 h under phase-contrast inverted microscopy (4 Â magnification). The ImageJ software (NIH, Bethesda, MD, USA) was used to quantify tubal length and branch complexity from digital images (n ¼ 4).
Migration and invasion assays
All migration and invasion assays were performed using Boyden chambers with 8 mm pores as described before. 29 For migration, A549 or MCF7 þ PAR1 cells were serum starved and then 5 Â Heterologous expression systems and protein purification HEK293T cells were passaged 1-3 h before transfection with C-terminal Myc-His-tagged MMP constructs in pCMV6-Entry via the calcium phosphate method. CHOK1 and Cos7 cells were transfected with polyethylenimine using a DNA to polyethylenimine ratio of 1:3. The following day, the transfection media were removed and replaced with 0.1% FBS F12 (CHOK1) or 0.1% FBS DMEM (Cos7). After 48 h, conditioned media and cells were harvested. Protein expression was determined by western blotting of 40 ml conditioned media or 40 mg lysate for Myc-tag expression (Cell Signaling, Danvers, MA, USA).
RNA levels were compared between expression constructs using semiquantitative PCR with primers designed against the C-terminal construct tag to recognize all pCMV6 plasmids. A standard PCR reaction was performed for 40 cycles. Primers (5 0 -3 0 ) were: ACGCGTACGCGGCCG (pCMV6-F), GCTTACAGATCCTCTTCTGA (pCMV6-R), and GGCTCTTCCAGCC TTCCTTCCT (actin-F), CACAGAGTACTTGCGCTCAGGAGG (actin-R).
His-tagged Mmp1a or human MMP1 was affinity purified from 293T conditioned media using Ni-IDA resin (Bio-Rad, Hercules, CA, USA) according to the manufacturer's protocol. The amount of enzyme was quantified using DQ-collagenase activity as compared with a standard curve of collagenase activity from commercially available MMP1 (EMD Millipore, Billerica, MA, USA).
T7-PAR1 cleavage PAR1 cleavage was measured by loss of surface expression of an N-terminal T7 epitope as described previously. 9 Briefly, Cos7 cells transiently expressing T7-tagged PAR1 were treated with 10 nM thrombin, APMA-activated MMP1 or Mmp1a, or phosphate-buffered Deficiency of Mmp1a suppresses lung tumorigenesis CJ Foley et al saline-buffer control for 30 min at 37 1C. Cells were than stained on ice using mouse anti-T7 antibody (Novagen, Billerica, MA, USA) with FITC secondary and analyzed via flow cytometry.
CYR61 induction
Cos7 cells were polyethylenimine transfected with Myc-tagged MMP constructs in pCMV6-Entry (Origene) at a DNA to polyethylenimine ratio of 1:3. Following transfection, serum-free DMEM was left to condition for 48 h. C57MG cells (100 000 cells per 6-cm plate) were serum starved overnight and then treated with transfected Cos7 CM for 24 h. RNA was harvested from C57MG cells using the RNeasy kit with on-column DNase digestion (Qiagen, Hilden, Germany). cDNA was prepared using a standard MLVreverse transcriptase reaction and real-time PCR for CYR61 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was performed using SYBR green (Qiagen) using the primers (5 0 -3 0 ): TAAGGTCTGCGC TAAACAACTC (CYR61F), CAGATCCCTTTCAGAGCGGT (CYR61R), and AGGTCGGTGTGAACGGATTTG (GAPDHF), TGTAGACCATGTAGTTGAGGTCA (GAPDHR). Data presented are the mean of 2 DDCT .
Mmp1a structural modeling
Mmp1a was homology modeled using SWISS-MODEL (http://www. swissmodel.expasy.org/). 43 The human pro-MMP1 structure was used as the template structure (PDB code 1su3). Images were generated using the PyMOL software package (Schrodinger, Cambridge, MA, USA).
Statistical analysis
Significance was determined by two-tailed, heteroskedastic t-test with significance defined as Po0.05. If multiple cohorts were compared, one-way analysis of variance was performed initially, followed by t-test using Kaleidagraph (Reading, PA, USA) and PRISM software (La Jolla, CA, USA).
